Abstract Increased plasma triglyceride and free fatty acid levels are frequently associated with type 2 diabetes mellitus (T2DM). To test the hypothesis that LPL gene mutations contribute to the hypertriglyceridemia observed in members of T2DM pedigrees, we screened the LPL gene in 53 hypertriglyceridemic members of 26 families. Four known and three novel mutations were identified. All three novel mutations, Lys312insC, Thr361insA, and double mutation Lys312insC 1 Asn291Ser, are clinically associated with hypertriglyceridemia. In vitro mutagenesis and expression studies confirm that these variants are associated with a significant reduction in LPL activity. The modeled structures displaying the Lys312insC and Thr361insA mutations showed loss of the activity-related C-terminal domain in the LPL protein. Another novel double mutation, Lys312insC 1 Asn291Ser, resulted in the loss of the catalytic ability of LPL attributable to the complete loss of the C-terminal domain and alteration in the heparin association site. Thus, these novel mutations of the LPL gene contribute to the hypertriglyceridemia observed in members of type 2 diabetic
A high prevalence of dyslipidemias is well recognized in type 2 diabetes mellitus (T2DM) (1, 2) . Approximately 77.5% of type 2 diabetic patients exhibit dyslipidemias. Although the dyslipidemias in T2DM, particularly hypertriglyceridemia, are exacerbated by poor glycemic control, lipid abnormalities cannot be explained merely by hyperglycemia (3, 4) . Investigators have shown that individuals with impaired glucose regulation and recent-onset T2DM share a similar high prevalence of dyslipidemias with individuals with long-standing diabetes. A high prevalence of dyslipidemias can also be found in normal glucose-tolerant first-degree relatives of type 2 diabetic pedigrees (5, 6) . On the other hand, abnormal lipid profiles have also been suggested to predate the onset of T2DM (7, 8) , suggesting an inherited component in the association of dyslipidemias with T2DM.
The most common dyslipidemia in individuals with T2DM is increased triglyceride (TG) levels. LPL plays a central role in TG metabolism. LPL, if defective, could predispose to hypertriglyceridemia (9) (10) (11) (12) . LPL is a 55 kDa glycoprotein and active as a noncovalent dimer, whereas the dissociated monomer enzyme has no activity (13) . Activated LPL is bound to the surface of endothelial cells and can be released into blood by heparin. Genetic defects of LPL are responsible for the reduced TG-rich lipoprotein clearance, and mutations in the LPL gene have been shown to play a central role in the development of hypertriglyceridemia in the general population (14) (15) (16) . Approximately 143 different mutations have been identified to date in the human LPL gene, 90% of which occur in the coding regions and affect LPL functions through catalytic activity, dimerization, secretion, and heparin binding.
To test the hypothesis that LPL gene mutations are responsible for the hypertriglyceridemia observed in members of type 2 diabetic pedigrees, we analyzed the LPL promoter and 10 exons including the adjacent intronic regions from 53 hypertriglyceridemic members of 26 families. Four known and three novel variants and one compound heterozygote were detected in these hypertriglyceridemic members, whereas no mutation was detected among 118 controls. Structural analysis and functional studies suggest that these mutations led to the structural alterations of the LPL protein associated with reduced enzymatic activity and thus appear to contribute to the hypertriglyceridemia in members of type 2 diabetic pedigrees.
MATERIALS AND METHODS

Population study subjects
The study population consisted of 350 members of 45 families of Chinese Han decent who had two or more T2DM siblings. Type 1 diabetes and the other specific diabetes were excluded from our study subjects. All members underwent standard 75 g oral glucose tolerance testing. Diagnosis of T2DM or impaired glucose tolerance was based on the criteria of the World Health Organization (17) . Fasting plasma TG concentrations were measured in all members. Members of type 2 diabetic pedigrees with fasting TG levels . 2.25 mmol/l were chosen for analysis of the LPL gene. None of subjects was on lipid-lowering treatment at the time the lipid levels were taken. Fifty-three individuals met the criteria, including 31 individuals with T2DM, 11 individuals with impaired glucose tolerance, and 11 individuals with normal glucose tolerance. When a family member met these criteria, all pedigrees in the family, including the pedigrees with normal plasma TG levels, were also screened for LPL mutation. A total of 87 T2DM family members were subjected to LPL gene mutation screening. The control population consisted of 118 healthy individuals chosen from nondiabetic families without any medication affecting lipid metabolism. Written informed consent was obtained from the subjects who agreed to participate in the study, and the study protocol had the approval of our local ethics committee.
Molecular screening of the LPL gene and analysis of mutant alleles in families
Single-strand conformation polymorphism (SSCP), denaturing high-performance liquid chromatography (DHPLC), and direct DNA sequencing were applied for analysis of the LPL gene. We screened potential mutations of the LPL promoter and 1-10 exons including the adjacent intronic regions from 87 individuals of 26 families, including 53 members with hypertriglyceridemia (>2.25 mmol/l) (see supplementary Table I ) and their normal plasma TG family members in the pedigrees.
The PCR products with abnormal SSCP patterns or abnormal DHPLC waveforms were further confirmed by DNA sequencing. Genomic DNA was extracted from whole blood. The LPL promoter and 10 exons including the adjacent intronic regions were amplified by PCR using the described primers (see supplementary Table II) . SSCP was performed as follows. The PCR product was mixed with one-fourth volume of loading buffer containing 95% formamide, 10 mM EDTA, pH 8.0, 0.05% (w/v) bromophenol blue, and 0.05% (w/v) xylene cyanol FF. The mixture was denatured at 95jC for 5 min and then snap-cooled on ice. Electrophoresis was performed on a 6% polyacrylamide gel with 0.5 3 TBE (Tris-Borate_EDTA) buffer under various conditions: acrylamide-bis-acrylamide 37:1 or 49:1 containing 5% or 10% glycerol at 4jC or 20jC. DNA was visualized by ethidium bromide staining. DHPLC was performed on an automated HPLC instrument (Hewlett-Packard Instrument). PCR products were eluted with a linear acetonitrile gradient of 1.8%/min at a flow rate of 0.8%/ml/min. The start and end points of the gradient were adjusted according to the size of the PCR products. The temperature for successful resolution of the heteroduplex molecules was predicted by the DHPLC algorithm available at http://insertion.stanford.edu/melt.html. PCR products that demonstrated variant mobility on SSCP analysis or variant waveforms on DHPLC analysis were examined by direct sequencing. The heterozygous and homozygous samples were cloned in T-Easy vector (Promega, Madison, WI) and then sequenced.
In vitro site-directed mutagenesis and expression
Total RNA was isolated from human epiploon adipose tissue. RT-PCR primers were designed and synthesized according to the reported cDNA sequence of the LPL. The LPL cDNA was cloned into the pcDNA3.1Zeo(1) vector. The recombinant pcDNA3. 1Zeo(1)/LPL cDNA was identified by DNA sequencing. Desired mutant LPL constructs were created using the Site-Directed Kit (Takara) with pcDNA3.1Zeo(1)/LPL as template. LPL constructs were transfected to COS-1 cells using Lipofectamine 2000 TM (Invitrogen, Carlsbad, CA). The LPL mass in cells and the culture medium was determined with a Markit-M LPL Kit (Dainippon Pharmaceutical). LPL activity in cell lysates and the culture medium was measured using the LPL activity kit according to the protocol provided by the manufacturer (JianChen Institute of Biologic Engineering, Nanjing, China).
Structural modeling for mutant LPL
The three-dimensional model structure of the human LPL was reconstructed using the UCSF Chimera package (http:// www.cgl.ucsf.edu/chimera) from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (18, 19) , based on the coordinates of the human LPL models kindly provided by Dr. I. Inoue (19) . The LPL dimer 
Statistical analysis
Data are expressed as means 6 SEM. Statistical comparisons between groups were performed using Student's t-test. Differences in proportions were evaluated by the Chi-square test and Fisher's exact test of the Spearman correlation. P , 0.05 was considered statistically significant.
Data from the two families in which the Thr361insA mutation segregated were pooled for analysis. TG levels were log-transformed before analysis, and all values were compared between carriers and wild-type individuals by Student's two-tailed t-test. Fisher's exact test of the Spearman correlation was applied to explore the correlation between high TG levels and the Thr361insA mutation in families 14 and 28. A univariate analysis of covariance between hypertriglyceridemia and the Thr361insA mutation within the pedigrees was applied to eliminate the effects of differences in age and body mass index on TG. All statistical analyses were performed on SPSS 10.0 (SPSS, Inc., Chicago, IL). P , 0.05 was considered statistically significant.
RESULTS
Molecular screening of the LPL gene in hypertriglyceridemic members of type 2 diabetic pedigrees
Seven different LPL variants were detected ( Table 1) . Four of the variants were previously detected in exon 3 (Ala71Thr and Val108Val) and exon 6 (Leu286Pro and Asn291Ser) (9, 15, 16, (20) (21) (22) . Three novel variants were detected in exon 6 (Lys312insC) and exon 8 (Thr361insA and Leu376Leu), including the compound heterozygotes Asn291Ser 1 Lys312insC.
In pedigree 1, the proband (TG 5 11.9 mmol/l) was found carrying the Leu286Pro mutation; in pedigree 3, the proband (TG 5 13.0 mmol/l) was found carrying the Ala71Thr mutation. When reported previously, the mutations Leu286Pro and Ala71Thr showed significant associations with hypertriglyceridemia (15, 22) . The mutations in these two pedigrees seem to contribute to their hypertriglyceridemia (see supplementary Table IIIa, b). One silent mutation, Val108Val, which should not affect LPL activity, was detected. Two pedigrees showed the most common missense mutation, Asn291Ser (see supplementary  Table IIIc, d ). Similar to previous reports, this mutation in our subjects also appeared not to be consistently connected to hyperlipidemia (9, 16, 20, 21) .
Three novel mutations of LPL were associated with hyperglycemia in members of type 2 diabetic pedigrees Three novel mutations of LPL, Lys312insC, Thr361insA, and Lys312insC 1 Asn291Ser compound heterozygote, were detected in 37 members from seven families. Results showed that all three novel mutations were associated with hypertriglyceridemia. All subjects with known or novel LPL mutations were either heterozygotes or compound heterozygotes.
The Thr361insA mutation was detected in families 14 and 28 (Fig. 1A, B ; see also supplementary Table IIIe, f ). Fifteen individuals carried the mutation, and 17 individuals had wild-type alleles. Comparison of the clinical and laboratory findings in the 15 carriers with those in noncarriers by two-tailed t-test showed that the individuals with the mutation had significantly higher TG levels ( Table 2) . Adjustment for age and body mass index did not change the statistical significance of the TG level between the two groups (R 2 5 0.56, P , 0.001) using a univariate analysis of covariates. To further explore the potential relationship between hypertriglyceridemia and the Thr361insA mutation, analysis of correlation within the pedigrees (Table 3) showed that the Thr361insA mu- tation of LPL was significantly correlated with hypertriglyceridemia (P , 0.022?0.008). The Lys312insC mutation also appeared to be associated with hypertriglyceridemia. In family 8 (Fig. 1C) , all six individuals who carried the Lys312insC mutation had hypertriglyceridemia, whereas other members who did not carry the mutation had normal TG levels. Thus, Lys312insC seemed to have a pathogenic correlation with hypertriglyceridemia. Three individuals who carried the Lys312insC mutation also carried the Asn291Ser mutation on their second allele and had a much higher hypertriglyceridemia, indicating that the compound heterozygote mutation Lys312insC 1 Asn291Ser exacerbates the defect of LPL function in these carriers. No individual was detected to carry the Lys312insC, Asn291Ser, or Thr361insA mutation in the control group.
In vitro analysis of LPL mutations
To further examine the significance of the Asn291Ser, Thr361insA, Lys312insC, and Lys312insC 1 Asn291Ser mutations, constructs containing these mutations were generated from pcDNA3.1Zeo(1)/LPL cDNA and transformed into COS-1 cells. LPL mass and enzyme activity in both culture medium and cell lysate were measured. COS-1 cells transfected with wild-type LPL exhibited consistent levels of LPL mass and activity, whereas all mutant construct-transfected COS-1 cells produced relatively consistent LPL mass ( Fig. 2A, B) but significantly decreased LPL activities in both cell lysate and medium (Fig. 2C) (P , 0.01). No LPL activity was detected in either cell lysate or medium of the Asn291Ser 1 Lys312insC transfected cells, even though sufficient LPL mass was detected in these samples (Fig. 2B, C) . Although similar LPL masses were found in the cell lysates of both wildtype and mutant LPL-expressed cells, much lower LPL masses (?48-61% of the wild type) were detected in the culture medium of mutant LPL-expressed cells (Fig. 2B) (P , 0.05), suggesting that the mutations Asn291Ser, Lys312insC, Thr361insA, and Asn291Ser 1 Lys312insC affect the secretion of LPL from these cells as well as their activity. Statistical analysis showed that the compound heterozygote Asn291Ser 1 Lys312insC in LPL further reduced the expression of LPL mass compared with either the Asn291Ser or Lys312insC single mutation (P , 0.05) and almost completely abolished LPL activity ( Table 4) .
Structural properties of mutant LPLs
To explore the molecular mechanism underlying the correlation between LPL mutations and their activity, we reconstructed the three-dimensional structure of the human LPL. Three residues (serine-132, aspartate-156, and histidine-241) that play important roles in catalysis are shown in a space-fill model. The deleted regions caused by insertion mutations are represented using different colors. Compared with the wild-type structure, the insertion mutation Lys312insC or Thr361insA resulted in loss of the whole (green plus red) or most (green) of the C-terminal domain (Fig. 3) , which plays a Mutation-function analysis of the LPL gene in type 2 diabetic pedigreescritical role in the formation and stabilization of the LPL dimer (19, 23) . Dimerization of the LPL monomer has been shown to be crucial for executing LPL activity (19, 23) . Thus, the markedly reduced levels of LPL activity in COS-1 cells expressing the LPL mutants Lys312insC and Thr361insA may result from impaired LPL homodimerization.
The Asn291Ser mutation is a known mutant in LPL and is thought to participate significantly in both heparin binding and LPL dimerization (24, 25) . The threedimensional model of LPL shows that Asn291 is located in the back of the molecule on the region for heparin binding and homodimer formation and is also close to the activation center of the LPL protein. This important Fig. 3 . Three-dimensional model structure of the human LPL proteins in a noncovalent homodimer with a head-to-tail configuration. The monomer LPL exhibited two domains: a large N-terminal domain (amino acid residues 1-315) and a small C-terminal domain (amino acid residues 316-448) that are essential for the formation and/or stability of the LPL homodimer. The catalytic triad of serine-132, aspartate-156, and histidine-241 as well as asparagine-291 are represented in a space-fill model. The red region represents residues 312-360, whereas the green region represents residues 362-437. Arrows indicate the active center and the Asn291Ser, Lys312insC, and Thr361insA mutation sites. The Lys312insC mutation (started with green) and the Thr361insA mutation site (started with red) led to a truncation of the whole or part of the LPL protein (green and red parts of the LPL structure) and would jeopardize the stability of the LPL dimer and cause subsequent significant reduction of LPL activity. The Lys312insC 1 Asn291Ser compound heterozygote contained a point mutation of Asn291Ser and a loss of the whole C-terminal domain (all green and red residues).
location of Asn291 (Fig. 3) could explain its critical role in LPL activity.
DISCUSSION
We show here that genetic variants of the LPL gene occur commonly in hypertriglyceridemic members of type 2 diabetic pedigrees in a Chinese population. Similar to those previously reported, three known mutations of the LPL gene, Leu286Pro, Ala71Thr, and Asn291Ser, were associated with variable degrees of hyperlipidemia (15, 21) , supporting the hypothesis that Leu286Pro and Ala71Thr contribute to hypertriglyceridemia in these two pedigrees (pedigrees 1 and 3 in supplementary Table IIIa,  IIIb) . We now report three novel mutations of LPL, all of which negatively affect LPL activity and contribute to hypertriglyceridemia.
To elucidate structure-function relationships of the LPL molecule with the novel mutants that we detected, we performed in vitro expression of mutant proteins and molecular modeling analysis to examine their functional alterations. The crystal structure of human LPL is currently not available. However, the molecular model structure of LPL has been constructed and used successfully to analyze LPL function based on the known crystal structure of PL as a template (19, 23, 25) . The model structure of the wild-type LPL protein exhibited two domains: a large N-terminal domain (amino acid residues 1-315) and a small C-terminal domain (amino acid residues 316-448). The N-terminal domain contains the heparin binding sites and the active site region, including the substrate binding site and the catalytic center (25) . The C-terminal domain is also involved in heparin and substrate binding and, more importantly, has been considered essential for the formation and/or stability of the LPL head-to-tail noncovalent homodimer, a configuration essential for the activity of the enzyme (19, (23) (24) (25) (26) .
The novel mutations Lys312insC and Thr361insA, both located at the beginning of the C terminus of LPL, appeared to contribute to the hypertriglyceridemia in members of type 2 diabetic pedigrees, based on both the clinical findings and the results of in vitro experiments (Fig. 2) . From our molecular model, the Lys312insC mutation generated a stop codon at amino acid position 326 within exon 7 and thus resulted in premature termination. This mutation causes the loss of the whole C-terminal domain, which plays a critical role in forming a functional LPL homodimer (19, 23) . Consistently, our in vitro experiments showed that the mutant Lys312insC LPL exhibited both decreased catalytic activity (?12% of wild-type activity) and secretion ability (approximately half that of the wild type) (Fig. 2) , supporting the hypothesis that the Lys312insC mutation is a pathogenic cause of LPL deficiency and the observed hypertriglyceridemia in T2DM pedigrees. Similarly, the insertion mutation Thr361insA detected in two families, which shorten LPL by 74 amino acids or about half of the C-terminal domain of LPL, resulted in a significant correlation with hypertriglyceridemia (Table 4 ).
In vitro expression of Thr361insA mutant LPL showed reductions of both secretion (?20% of wild-type activity) and catalytic activity (approximately half that of the wild type) (Fig. 2) . No association between this mutation and T2DM was observed.
The three compound heterozygote individuals with the Lys312insC and Asn291Ser mutations had some of the highest plasma TG levels (up to 8.8 mmol/l) in our family cohort of patients, and all three individuals had T2DM. The results from the in vitro expression studies showed that LPL protein containing both of these mutations was virtually inactive. The Asn291Ser mutation alone is the most common mutation observed in Caucasians, but this mutation usually only results in mild deficiency in LPL activity and variable hyperlipidemia (26) . Three-dimensional structural models showed that Asn291 is located in the region of heparin binding and may participate in LPL dimerization. Thus, LPL mutants with both impaired heparin binding and homodimerization may explain the severe hypertriglyceridemia observed in the three compound heterozygote individuals.
